In intact humans, deprivation of somatosensory and kinesthetic sensations result in significant alterations in perception and information processing. There have been very few studies to discover if the loss of sensation with spinal cord injury (SCI) in humans affects perceptual operations. We hypothesized that the SCI participant would either exhibit arousal, perceptual, and information processing alterations similar to experimentally sensory deprived subjects (who provide the closest human analogue), or that the somatosensory cortex would show reorgan ization for the processing of other modalities of stimulation.
Introduction
Depending on its level and severity, spinal cord injury (SCI) produces moderate to profound loss of somatosensory, kinesthetic and proprioceptive experience. The loss of movement and sensation and the deafferen tation of the somatosensory cortex should have a major impact on the injured person's perceptual and cognitive processes. The theories and data from sensory deprivation experiments provide a model for predicting the nature of these perceptual changes for acute sensory and kinesthetic loss, but may have little predictive power for chronic somatosensory deafferentation. Evidence is increasing that neuronal connections can be modified because of experience and en vironmental stimuli and these modifications can occur in either a transient or permanent manner. These findings may help to explain functional changes in the somatosensory cortex of chronic SCI patients.
Experimental sensory deprivation (SD) studies have produced fairly consistent changes in dominant brain rhythms. Zuck erman and Hopkinsl found that after the first hour of SD the electroencephalogram (EEG) slowed from an excited beta pattern to a pre sleep pattern. Heron2 ,3 studied 6 subjects who each spent 4 days in an isolation chamber. As the deprivation period grew long, slowed alpha waves of high voltages and delta wave actIvIty in creased. Several additional studies have confirmed these findings. 4 -6 Perceptual and performance alterations due to deprivation of a single sensory system, especially tactual or kinesthetic deprivation, are of particular interest for our understanding of the effects of SCI-in duced sensory deprivation on perception. Increased tactual sensitivity has been found following prolonged tactual deprivation. Early studies from the McGill University laboratories 3 . 7 occluded the volar surface of the forearm for 4 days; subsequent testing with von Frey hairs revealed greater sensi tivity for the experimental area following the occlusion.
Extending this work, Aftanas and Zubek8.Q studied changes in heat pain threshold and tactual acuity following 7 days of no tactile stimulation, constant pressure, or normal stimulation. Though no changes in heat pain threshold were found, they reported significantly increased tactual sen sitivity for the no stimulation group, signifi cantly decreased tactual sensitivity for the constant pressure group, and no change for the control group. These effects, persisting for up to 6 days, argue in favor of CNS alterations in perception rather then local mechanisms such as impaired circulation. Normal circulation would have been re stored in less time. Zubek10 argued that these results demonstrated that tactile dep rivation caused changes in primary soma tosensory cortex analogous to Stavraky'sll findings in monkey of supersensitivity in the sensory cortex following partial deafferenta tion at lower levels of the CNS. Zubek proposed that experimental tactual depriva tion may produce a temporary functional state of deafferentation. These data showing long-lasting supersensitivity suggest a reor ganization of the deafferentated somatosen sory cortex.
Though we found no studies testing per ceptual changes following tactual depriva tion, several experiments have been pub lished on perceptual change following kines thetic deprivation. Using a battery of 7 perceptual-motor tasks, Zubek et al12 found that one day of immobilization produced significant impairment of dexterity, kines-thetic acuity, color discrimination, and per formance on a reversible figures test. Unaf fected were pain sensitivity, tactual acuity, and cancellation of numbers. These findings were extended to a one-week immobiliza tion period. ZubeklO, reporting data from a subexperiment testing for visual and audit ory vigilance, was surprised to find that the immobilized condition produced increased visual vigilance.
Because spinal cord injured people have moderate to profound loss of tactual and/or kinesthetic sensation, we expected they would act similarly to subjects experiencing experimental SD, especially deprivation of tactual and/or kinesthetic stimulation. One area of comparison would be changes in physiological indications of activation. The few studies of physiologic arousal with SCI subjects are limited to EEG dependent variables. Several investigators1 3 -15 point to disruptions in normal EEG patterns, but results are inconsistent.
Only three experiments assessing infor mation processing in SCI patients were found. HesterI6 compared 20 functionally complete SCI patients (14 cervical and 6 thoracic lesions) with 20 controls on a verbal serial coding task and a reaction time task each under low, medium, and high incent ives. Incentive level was proposed as a means of varying cortical arousal. No differ ences were found between the groups on any task -incentive combination. Positive results are provided in the relatively recent studies by Richards.15, 17 Fifteen quadriple gic inpatients, 7 paraplegic inpatients, 4 quadriplegic outpatients and 16 non SCI controls performed an auditory vigilance task. 15There were no task related differ ences between SCI and control subjects, and EEG arousal states measured during the task were similar. When subsets of the SCI group were compared, inpatients performed worse than outpatients, and recently injured patients had poorer performance and lower EEG-measured arousal than subjects with older injuries. Richards et al17 assessed auditory perception in 6 quadriplegic outpa tients and 12 controls using a dichotic listening task while recording auditory evoked potentials (EP) and auditory thresholds. No group differences were found on measures of auditory threshold or auditory EP, which the authors suggested indicated that the SCI group had an intact auditory pathway. The SCI group exhibited a significant superiority in aspects of the dichotic listening task. For example with double-word presentations, the SCI group was consistently more accurate than the unimpaired control group. The investigators argued that the data reflects attention-rr.o tivational differences between able bodied and SCI participants because the SCI indi vidual is, in a sense, stimulus starved, thus more attentive to external stimuli. These data agree with Zubek'slO report that sev eral days of experimentally produced immo bilization increased vigilance behavior.
An alternative explanation is that the cortex, now deprived of somatosensory in put, reorganises to process other modalities of sensory information. For example, Mer zenich et a[18 found that in monkey, follow ing amputation of one or two fingers, the somatosensory cortical map progressively changed over several months. The cortical representations of adjacent digits and the palmar surface slowly expanded until they occupied most of the area previously repre sented by the amputated digits. While adja cent areas may invade fairly small zones of deafferentated somatosensory cortex, it is unlikely to fully invade the massive deaffer entated areas caused by a spinal cord injury. In such cases, the somatosensory cortex might reorganize to perform a new sensory function. Neville and colleagues19, 2 o have reported that, in congenitally deaf indi viduals, the auditory cortex reorganised to process visual stimulation. The authors de scribed data from a group of deaf indi viduals with larger event-related potentials over both visual and auditory cortex to visual stimuli compared to control subjects. A sensory deprivation model of spinal cord injury predicts that SCI individuals will have reduced cortical arousal, increased peripheral arousal, and changes in percep tion and performance similar to individuals experimentally sensory deprived. A very limited body of research with SCI patients has produced conflicting results leaving the veracity of the sensory deprivation model in doubt. A hypothesis of reorganization of the somatosensory cortex predicts that, com pared to controls, event-related potentials from SCI groups would be larger when processing auditory or visual information. We tested the predictions of these models by measuring somatosensory cortical ar ousal (EEG event-related potentials) of paraplegics, quadriplegics and controls, while participants passively listened to tones of various intensities. The paradigm selected has well known effects on the P2 component of the ERP. 2 1, 22 With soma tosensory stimulation, the P2 component is generated in the primary somatosensory cortex. 2 3 If the cortex has reorganized to process other modalities, such as auditory or visual information, the P2 component should be larger in the SCI participants.
Methods

Subjects
Sixteen paraplegic, 13 quadriplegic, and 22 control subjects were each paid $20.00 for voluntary participation in the experiment. Inclusion criteria were (a) age between 21 and 65 years old and a negative history for (b) major psychiatric illness, (c) alcohol abuse or drug addiction, (d) chronic use of a major psychotropic drug. The SCI partici pants were recruited from the clinics of the Spinal Cord Injury Service at the Depart ment of Veterans Affairs Medical Center, Long Beach. Additional inclusion criteria for the SCI volunteers were negative his tories for (a) a major medical problem that was not secondary to the SCI or considered severe for the SCI population, (b) peri pheral neuropathy, ( c) cardiac arrhythmias, (d) cardiac or hepatic dysfunction. (d) renal insufficiency, (e) head injury or seizures, or (f) recurrent autonomic dysreflexia. The control volunteers, recruited from the staff of the Medical Center and from the popula tion of California State University, Long Beach, were in generally good health and matched for age and sex to the SCI groups.
Apparatus
The dependent variables were measured with a Grass model 7D polygraph. The polygraph was linked to an AST premium Translation DT2821 analog and digital I/O system. Analog-to-digital conversion and control of the experimental environment were done wi th the Asyst version 3.1 pro gramming language. A two-channel EEG was obtained from an Electrode Caps Inter national Electro-Cap System with Pb elec trodes positioned at C 3 and C 4 • Each elec trode site was abraded with a blunt, sterile needle and filled with Electrode Caps Inter national electrode gel. Linked ears served as the reference. Eye blinks and eye move ments were detected from a 3 mm Beckman Ag/ AgCl electrode placed slightly inferior to the right external canthus and referenced to a similar electrode at the nasion. After 15 min of stabilization, electrode impedances were evaluated with a Grass EZM5A im pedance meter. Electrodes with impedances above 10 K!1 were reapplied. The elec trodes for EEGs and eye movements were directed through Grass 7HIP5 high impe dance probes to 7P3C AC preamplifiers with bandpass filtering set at 0.1 and 75 Hz. An electrocardiogram and skin conductance were also obtained, but the data are not reported in this manuscript.
Auditory stimulation, consisting of 500 Hz, 1.0 sec duration tones of 62, 75, 88, and 101 dB SPL, was generated by a Coulbourn S81-06 precision signal generator, S85-08 attenuator, S84-04 rise fall gate, and S82-24 audio mixer amplifier connected to Realistic Nova 40 earphones. Rise and fall times were 200 msec. Visual stimuli were generated by a Grass P-22 visual stimulator placed 1 meter from the subject's head. 
Measurement and averaging of dependent variables
EEGs were digitized at 200 samples/sec for 100 msec pre and 1000 msec post stimula tion. This resulted in 220 digital values per channel for each stimulus trial. Eye movement-contaminated EEG trials were removed by a computer algorithm. A tech nician checked the accuracy of the algorithm on a random 10% of the trials. The com puter also rejected any trial with absolute amplitudes exceeding 100 IL V. On average, less than 10% of the total trials were rejected. ERP responses were averaged over the 20 trials at each intensity for the 500 msec post stimulation epoch. The samp ling period was baseline zeroed by subtract ing out the average of the 100 msec pre stimulus epoch. To detect peaks and laten cies of major components of the ERP, a computer program recorded maximum posi tivity for the PI (30-80 ms) and P2 (130-380 ms), and maximum negativity for the Nl (70-150 ms) and N2 (180-350 ms) along with the times these maxima oc curred.
Results
The probability level chosen for protection against Type I errors was p < 0.05. All analyses were performed on a PC 486 com puter using the BMDP/386 statistical soft ware package. Analysis of variance (ANOVA) revealed no differences among the groups for age and no difference be tween the paraplegic and quadriplegic groups for length of time since injury. ANOVA reported no differences between comparable components at the C3 and C4 sites for either auditory or visual stimuli; thus the data were summed over recording sites for subsequent analyses. Figure 1 shows the grand averaged ERPs for each group to the tone stimuli. The data were averaged over trials within a stimulus inten sity and then averaged over intensities. The control group conforms to the typical de scriptions of sensory ERPs to auditory stimuli where the subject passively attends to stimulation.
21,22
The group had well formed components and, as expected, the Nl-P2 increased in amplitude as the tones become louder. 21 The patterns of respond ing for the SCI groups, especially the quadriplegic group, were distinctly differ ent. In general, compared to the control group, the N1-P2 complexes for the SCI groups were of smaller size especially for the lower amplitude tones. The quadriplegic group exhibited flat, poorly formed re sponse components. Figure 1 also indicates that latencies were longer for N1-P2 com ponents for the quadriplegic group. Table I Figure 1 were not confirmed statistically.
The visual data had significant effects for all ERP amplitude components due to stimulus intensities, but no group or inter active effects. No significant effects were found for latencies of components to the visual stimuli.
Discussion
This study assessed if spinal cord injury resulted in either reorganization of the somatosensory cortex for processing of non somatosensory information, or enhanced attention to stimulation because of sensory deprivation. The results indicated differ ences in the ERPs of spinal cord injured groups compared to a control group. Data from the control group are consistent with other published studies in which the subject passively listened to tones of different loud ness or light flashes of differing brightness. The P2 component for the tone data dis- played sensitivity to the intensity of stimula tion. The tone data showed increased ampli tudes and shorter latencies to louder tones. The light flashes did not produce significant group differences in the P2 component, but the data did show the control group to have increased P2 amplitude to brighter flashes. Except for the loudest tone (101 dB) and the brightest flashes (140 lux), the SCI groups had smaller amplitude ERP compo nents, especially P2, with nonsignificantly longer response latencies. From a sensory deprivation or stimulus seeking model, we had expected the SCI groups to be hyperres ponsive to stimulation. While it is conceiv able that hyperresponsiveness could result in undifferentiated ERPs across the stimulus intensities, overall the SCI groups should have had larger ERP components and pos sibly shorter latencies than the control group. A sensory deprivation model would also predict that the quadriplegic group, because of more profound sensory depriva tion, would have larger responses than the paraplegic group. The data indicated no significant differences between the SCI groups which does not support a sensory deprivation model of responding. These findings also do not support a hypothesis of cortical reorganization. If sensory deprived somatosensory cortex in SCI reorganized to process auditory and/or visual information, we would predict larger ERP responses to auditory and/or visual stimulation. We might also predict shorter latencies of those ERP components specifically related to cognitive processing as opposed to stimulus transmission. No analysis found the paraple gic or quadriplegic group to have a height ened component or a shorter latency to either the tones or the flashes.
There are several explanations why the SCI groups could have smaller ERP com ponents to auditory and visual stimulation. A simple explanation is that the overall activity level recorded from central elec trode positions (C3, C4) is heavily in fluenced by activity on the somatosensory cortex. Depending on the level and com pleteness of an SCI, a large proportion of the somatosensory cortex is deafferentated and, therefore, functionally inactive (though this would support neither a reor ganization or deprivation model). If the somatosensory cortex is the source for the differences we see among the groups, re cordings from several other electrode sites should not differentiate the groups. We are exploring this possibility in current experi ments.
The data are not consistent with the findings of ZubeklO and Stavraky.u Zubek hypothesized that the increased sensitivity to tactile stimulation lasting up to 6 days following a week of tactile stimulus depriva tion, was caused by a functional supersensi tivity in the primary sensory cortex. Zubek drew an analogy to Stavraky's report of supersensitivity in cat somatosensory cortex following partial deafferentation at lower levels of the CNS. While Zubek's and Stavraky's experiments are long term for laboratory research, the length of the sen sory deprivation is brief compared to chronic SCI patients. Subjects in our study were seen 18 to 433 months post injury.
Many clinical studies of neural function ing following SCI find, after recovery from spinal shock, hypersensitivity in many sys tems which stabilizes over time. Addition ally, there is evidence that time-since-SCI is correlated with anatomical evidence for retrograde degeneration of neurons up through the somatosensory cortex.2 4 Thus, experimental models based on a week or a month of deprivation may be inappropriate for predicting how chronic SCI sensory deafferentation of months to many years will influence physiological manifestations of information processing.
From a behavioral viewpoint, the data from the SCI groups are consistent with an attention deficit hypothesis. Response pat terns to the louder tones (88 and 101 dB) were more similar to those of the control group than responses to the lower tones. Similar data were found for the light flashes. With respect to the tone data, each person received a brief audiometry test, so we know all individuals had essentially normal hearing levels for 500 Hz tones. Perhaps the loss of sensory input, including kinesthetic and proprioceptive sensations, causes signi ficantly reduced input to the reticular activ ating system, resulting in a lowered level of cortical arousal. A result could be inatten tion to levels of stimulation that are easily processed by an individual with an intact sensory system and normal input to the reticular activating system. If the inattention is functional, it could be tested by pre-cuing the SCI subject about the impending stimulus.
Our findings are more supportive of Hester's16 study in which he attempted to behavorially manipulate cortical arousal. He found no differences between SCI and control participants on either a verbal serial coding task or a reaction time task. Though Richards15,17 found some processing superi ority for SCI subjects in aspects of a dichotic listening task, no differences were found in either dominant EEG rhythm or auditory EP. The current experiment found smaller ERP components for the SCI groups. Both Hester's and Richard's tasks were more process intensive than our simple, passive listening task. We have suggested that the SCI groups behave electrophysiologically as if they have an attention deficit because ERP components are flat to lower tones and dimmer flashes but more normal to louder tones and brighter flashes. These data would be in agreement with Hester's and Richard's findings in which more complex tasks produced normal responding.
Though the explanations for these in teresting findings are speculative, they are testable. Running SCI participants through paradigms that manipulate the behavioral significance of the stimuli should clarify the relationship between the alterations in ERP components and the person's ability to properly process the information contained in the stimulus. Our audiometry test data indicate that SCI individuals hear as well as our controls, but the SCI's somatosensory cortex does not process the data in the same manner as the control subject's. If subse quent experiments indicated that the SCI's somatosensory cortex is either functionally or anatomically atrophied, we must investi gate if early rehabilitative intervention can preserve or reorganize cortical functioning.
